Some antipsychotics increase prolactin levels, which might increase the risk of breast cancer. Existing evidence is conflicting and based on sparse data, especially for the increasingly used second-generation antipsychotics. We conducted a nationwide case-control study of the association between antipsychotic use and incident breast cancer.
Introduction
Breast cancer is one of the most commonly diagnosed malignant diseases worldwide [1] . The aetiology of breast cancer is complicated with many contributing aspects, including a number of endocrine factors [2] . Prolactin, a hormone essential to growth and differentiation of mammary gland cells [3] [4] [5] [6] [7] , is likely to play a role in the aetiology of breast cancer, although this is somewhat controversial and incompletely understood [3, [7] [8] [9] [10] . Upon binding of the ligand, the prolactin receptor initiates various downstream pathways that improve differentiation, proliferation and survival of epithelial cells of mammary glands [11, 12] . Prolactin receptors are typically overexpressed in breast cancers, and their activation induces mammary carcinoma in animal models [13, 14] .
By their antidopaminergic mode of action, antipsychotic drugs can increase serum prolactin levels to varying degrees. Most first-generation antipsychotics (FGA) appear to induce substantial increases in prolactin levels, while the picture for second-generation antipsychotics (SGA) is less clear. The most commonly prescribed SGAs, risperidone and olanzapine, are associated with increased levels of prolactin, while quetiapine and aripiprazole have little or no effect on prolactin levels [5, 15] .
Longitudinal observational studies suggest that prolactin levels to some extent predict development of breast cancer [16, 17] . Epidemiological association studies between exposure to antipsychotic drugs and risk of breast cancer have provided contradictory evidence, with most data suggesting a null-association [7, [18] [19] [20] . While some data suggest that the risk be greater among postmenopausal women, epidemiological data do not consistently demonstrate a risk differentiation be present with respect to menopausal status of the women [7, 16, 21] . Further, some studies found a positive association between prolactin levels and tumours expressing oestrogen and progesterone receptors, and for tumours only expressing oestrogen receptors, with a null-association for tumours not expressing oestrogen receptors [16, 22] .
The most abundant data are for FGA, while studies on SGA are sparse, even in the last decade, during which SGAs have essentially replaced FGAs in clinical practice [7, [23] [24] [25] . The largest study on the association between SGA and breast cancer is a case-control study including only 96 SGA-exposed breast cancer cases, reporting no excess risk of SGA compared with FGA [26] . The lack of data on SGA and risk of breast cancer has resulted in clinical ambiguity on how to counsel patients with indications for antipsychotic treatment about their risk for development of breast cancer [5, 18] .
To investigate this association further, we used the nationwide Danish health registries to perform a population-based case-control study on the risk of breast cancer following long-term exposure to antipsychotic drugs.
Methods
We compared the use of antipsychotics among women diagnosed with breast cancer (cases) to that of cancer-free women (controls) to obtain the odds ratio (OR) as an estimate of the incidence rate ratio associating antipsychotics use with breast cancer incidence.
Data sources
We used six Danish nationwide registries: the Danish Cancer Registry [27, 28] , the National Prescription Registry [29] , the National Patient Register [30] , the Danish Pathology Register [31] , the Danish Psychiatric Central Register [32] , the Danish registers in Statistics Denmark on educational level and income [33, 34] , and the Civil Registration System [35] . The data sources are described in detail in Appendix S1, while codes for cancer diagnoses, drug exposures and covariates are provided in Appendix S2.
Data were linked by the personal identification number, a unique identifier assigned to all Danish residents since 1968 [36] . All linkages were performed within Statistics Denmark, a government institution that collects and processes information for a variety of statistical and scientific purposes. Virtually all medical care in Denmark is furnished by the national health authorities, allowing population-based register linkage studies covering all legal residents of Denmark.
Selection of breast cancer cases and population controls
From the Danish Cancer Registry, we identified cases as all women in Denmark with a first-time diagnosis of invasive breast cancer between 2000 and 2015, defining the date of cancer diagnosis as the index date. To maximize validity of our case definition, we included only histologically verified breast cancer diagnoses. Exclusion criteria were age outside the range 18-85 years at index date and any residency outside Denmark within 10 years prior to index date, thus ensuring at least 10 years of follow-up for all study subjects and a minimum of 5 years of prescription data (the prescription registry opened in 1995). We further excluded individuals with previous cancers (except nonmelanoma skin cancer) or previous mastectomy.
Controls were selected by risk set sampling. For each case, we sampled 10 controls from all eligible Danish women who were born in the same year. Controls were assigned the same index date as the case to whom they were matched. Cases were eligible for sampling as controls before their diagnosis date. Thereby, the calculated ORs are unbiased estimates of the incidence rate ratios that would have emerged from a cohort study in the same source population [37] .
Main exposure variables and covariates
Exposure to different antipsychotics was standardized using olanzapine equivalents [38] . For drugs not assigned a conversion factor, one defined daily dose (DDD), per WHO definitions, was considered equivalent to 10 mg olanzapine [39] . We applied a pre-specified main exposure measure corresponding to a cumulative exposure of 10 000 mg olanzapine, while restricting to antipsychotics with prolactin inducing properties (Appendix S2). We included all exposure from 1995 (the opening of the Prescription Registry) until 1 year before an individual's index date. The largely arbitrary cutoff of 10 000 mg olanzapine equivalents was selected based on pharmacological consideration that if antipsychotic use inferred a risk of breast cancer, a substantial use was likely to be necessary to detect an increased risk. For doseresponse analyses, we used the following prespecified categories: 0-4999 mg, 5000-9999 mg, 10 000-19 999 mg, 20 000-49 999 mg and ≥50 000 mg. These strata were selected to ensure that we did not overlook risk associated with either very short or very high use of antipsychotics. In all exposure calculations, we disregarded prescriptions redeemed within 1 year before the index date to reduce the possibility of reverse causation [40] , and because such recent exposure is unlikely to affect cancer development.
The following potential confounders were identified and incorporated in the analyses: (i) use of drugs known or suspected to modify breast cancer risk, including low-dose aspirin, nonaspirin nonsteroidal anti-inflammatory drugs, digoxin, statins, spironolactone, oral steroids, metoclopramide, domperidone, loop diuretics, β-blockers, vascular calciumchannel blockers, oral contraceptives (gestagen, combination therapy and intravaginal handled separately), hormone replacement therapy (oestrogen, progesterone/gestagen and combination therapy; modelled to include both cumulative use and recency of use), and selective serotonin reuptake inhibitors; (ii) prior diagnoses of diabetes, chronic obstructive pulmonary disease, and alcohol-related disease; (iii) prior psychiatric diagnoses of schizophrenia, schizotypical and delusional disorders, manic episode, bipolar affective disorder, mood (affective) disorders, phobic anxiety disorders, other anxiety disorders, and neurotic, stress-related and somatoform disorders; (iv) Charlson comorbidity index scores (0, low; 1-2, medium; or ≥ 3, high) [41, 42] ; and (v) highest achieved education (as a crude measure of socioeconomic status). As in the assessment of drug exposure, we disregarded the period 1 year prior to the index date in the classification of confounder status.
Main analysis
The analysis followed a conventional matched case-control approach. We computed the frequency and proportion of cases and controls within categories of exposure and covariates. Using conditional logistic regression and adjusting for potential confounders, we estimated ORs for breast cancer associated with antipsychotics with either prolactin-elevating or nonprolactin elevating effects. A formal dose-response analysis was performed by restricting to ever users and estimating the incremental OR for each 10 000 mg olanzapine equivalent, using ordinary logistic regression with adjustment for age as a continuous variable. Analyses were also carried out for specific exposure to FGA, SGA and to single antipsychotic drug products (risperidone/paliperidone, olanzapine, quetiapine and aripiprazole). In all analyses, use of antipsychotics was compared with nonuse.
Sensitivity and supplementary analyses
We performed several preplanned subanalyses and sensitivity analyses.
First, we assessed the risk of confounding by indication, i.e. that the clinical indication for antipsychotic therapy somehow affected breast cancer risk, either as a direct effect or mediated through, for example, higher or lower health care surveillance. To this end, we performed an analysis restricting exposure to antipsychotics with no or little prolactin-inducing effect. An increased risk for these drugs would suggest an association confounded by psychiatric comorbidity and related risk factors, assuming that elevated prolactin is the sole biological mechanism by which exposure affects breast cancer risk.
Second, we examined the association between long-term use of antipsychotics and breast cancer within subgroups defined by age, type of breast cancer, oestrogen receptor status and by clinical stage, i.e. localized or nonlocalized disease.
Third, to estimate the proportion of breast cancer cases that, during our study period, could be attributed to use of antipsychotics, we calculated the 'population-level attributable proportion' (AP pop ) using the following equation: AP pop = prop cases × (OR -1) / OR. Here, prop cases denotes the proportion of all breast cancer cases classified as exposed to long-term use of antipsychotics and the OR was that obtained for the main analysis.
Fourth, as two sensitivity analyses, we first removed the 1-year lag-time applied in the main analysis and then increased it to 2 years, respectively.
Last, we performed a quantitative bias assessment to evaluate the potential for unmeasured confounding to have influenced our results. In our models, we were unable to adjust for potential confounding by obesity, smoking, alcohol use or nulliparity. While there is no evidence that these factors are strongly related to use of antipsychotics, such a relation is reasonable to consider. We therefore conducted a probabilistic bias analysis [43] to evaluate whether confounding by these breast cancer risk factors may account for all or part of the observed association. A full account of the bias analysis methods and our chosen bias parameters is provided in Appendix S3.
Other
All analyses were performed using Stata Release 14.2 (StataCorp, College Station, TX, USA). The study was approved by the Danish Data Protection Agency. According to Danish law, studies based solely on register data do not require approval from an ethics review board [44] .
Results
The final study population included 60 360 histologically verified breast cancer cases ( Figure 1 ) matched with 603 600 controls. The median age was 62 years (interquartile range, 53-70); most cases were ductal adenocarcinomas (76%), followed by lobular adenocarcinomas (13%; Table 1 ). Differences in baseline characteristics between cases and controls
Figure 1
Flow-chart of the selection of cases Antipsychotic use and risk of breast cancer were generally minor, except for a slightly higher use of hormone replacement therapy and slightly longer education among cases compared to controls (Table 1) . Ever use of prolactin-elevating antipsychotics was seen among 7.9% of cases and 7.6% of controls, while long-term use, i.e. ≥10 000 mg olanzapine equivalents, was found among 1.1% and 1.0%, respectively. This corresponded to an adjusted OR associating ever use of prolactin-elevating antipsychotics with risk of breast cancer of 1.00 [95% confidence interval (CI), 0.97, 1.04]. The corresponding OR for long-term use was 1.18 (95%CI, 1.06, 1.32). Adjustment for measured potential confounders had limited influence on the magnitude of the estimates.
The dose-response analysis (Table 2 ) revealed no excess for short-term/sporadic use (<5000 mg olanzapine equivalents), with an adjusted OR of 0.97 (95%CI, 0.94, 1.01). Four in five antipsychotic users fell within this exposure category. For the remaining exposure levels, a dose response pattern was seen (P < 0.001), with slightly stronger associations with higher cumulative exposure, increasing from an OR of 1.19 (95%CI 1.05, 1.34) for limited use (5000-9999 mg) to an OR of 1.27 (95%CI, 1.01, 1.59) for use of more than 50 000 mg olanzapine equivalents (Table 2 ). Similar patterns of associations to that of the main analysis were seen when separating exposure into use of first-and second-generation prolactininducing antipsychotics (Table 3) . Use of nonprolactininducing antipsychotics also showed an association with breast cancer incidence (Table 3) , although with a less apparent dose-response pattern (P = 0.58). In analyses of single antipsychotic drugs, more pronounced dose-response patterns were seen specifically for use of risperidone/ paliperidone and olanzapine (Table S1 ).
Subgroup analyses (Table 4 ) revealed limited variation according to age. There was a tendency towards a stronger association with nonlocalized cancer (OR 1.37; 95%CI, 1.15, 1.65) compared to localized cancer (OR 1.01; 95%CI 0.85, 1.20). Associations were positive for oestrogen receptorpositive cancers and null (with wider CIs) for oestrogen receptor-negative cancers (OR for long-term use of 1.29 vs. 0.92) and also showed a statistically significant doseresponse pattern (P < 0.001), while no pattern was observed for oestrogen receptor negative cancers (Table S2) . Further, an increased risk was seen specifically for cancers classified as carcinoma, not otherwise specified, with an OR of 1.90 (95%CI, 1.31, 2.76) compared to point estimates ranging from 1.03 to 1.20 for other histologies. A posthoc analysis confirmed that this histological designation was more common among the 693 cancer cases classified as long-term users compared to the 55 409 never users (10.7% vs. 5.2%). Subgroup analyses specified by use of first-and second-generation prolactin-inducing and nonprolactin-inducing antipsychotics generally showed patterns similar to the overall analyses, including an increased risk specific to nonspecified carcinomas (Table S3) .
Changing the lag-time to 2 or 0 years had no discernible effects on the estimates (data not shown) compared with the original 1-year lag.
We applied the probabilistic bias adjustment to the main result associating antipsychotic use with breast cancer (OR 1.18; 95%CI 1.06, 1.32). The bias adjustment taking into account smoking, obesity, alcohol use and nulliparity had little effect on the result (OR 1.17; 95% simulation interval, 1.04, 1.31).
In a posthoc analysis, we restricted exposure to that obtained within the five years before sampling, while still employing a 1-year lag period, which did not lead to materially different results (Table S4 ). When incorporating recency IQR = interquartile range; NSAID = nonsteroidal anti-inflammatory drug *Exposure to different antipsychotics was standardized using olanzapine equivalents [38] . Long-term use was defined as a cumulative exposure of 10 000 mg olanzapine.
into the exposure criteria, positive associations were seen with recent long-term use (requiring both long-term use and that the most recent antipsychotic prescription to be filled <2 years from index date), which yielded an OR of 1.20 (95% CI 1.07, 1.34) while distant long-term use (long-term use and last prescription filled >2 years before index date) yielded neutral associations (OR 0.94, 95% CI 0.70, 1.27).
Discussion
In this large study of >50 000 breast cancer cases, we found evidence of a weak association between use of prolactininducing antipsychotics and the risk of breast cancer, oestrogen receptor positive cancers in particular. Four in five antipsychotic users fell in the lowest exposure category, and for such exposure no increased risk was observed. Among the more highly exposed users, the association displayed a weak dose-dependent pattern. Similar results were found for FGA and SGA as well as nonprolactin-inducing antipsychotics. The subgroup analyses had, however, lower precision than the overall estimates, and are therefore more susceptible to chance variations. The primary strength of our study is its nationwide approach, with complete coverage of an entire nation and their use of antipsychotics for up to 20 years, with limited risk of selection bias. Further, the size of our study-4951 events among antipsychotic ever users and 693 events among long-term users-is much larger than previous studies, and allowed meaningful assessment of the risks associated with a wide range of exposure levels, including very long-term use of up to 100 000 mg olanzapine equivalents. Last, the databases used, mainly the Prescription Registry and the Cancer Registry, are of high validity [28, 29] .
Some limitations of our study need to be acknowledged, mainly the concern that our findings could be at least partly explained by confounding from unmeasured patient characteristics. The a priori defined supplementary analysis of nonprolactin-inducing antipsychotics returned estimates comparable to that of the main analysis, which goes against our biological hypothesis. Whether the diagnosis of schizophrenia itself confers an increased risk of breast cancer is unclear [45] . Further, we had no data on some specific risk factors for breast cancer, including obesity, smoking, alcohol consumption and parity. As these are not only risk factors for breast cancer, but might also be associated with use of antipsychotics (either positively or inversely), uncontrolled confounding from these factors might bias our findings. However, the results of the probabilistic bias analysis showed that these were unlikely to account for the observed association, conditional on the accuracy of the bias model. This lack of substantial bias is a function of the relatively low prevalence of these confounders and the relatively low strength of association between these risk factors and breast cancer risk, both of which diminish the potential for these factors to confound the association.
Despite these limitations, our results suggest a small excess risk with long-term use of prolactin-inducing antipsychotics. While dose-response patterns were generally weak, they did suggest a dose-response effect, especially for risperidone and olanzapine. Such a dose-response pattern is less likely to be explained by unmeasured confounding than is the overall result. These two drugs are known to elevate prolactin levels, so an increased breast cancer risk associated with their long-term use is biologically plausible. The positive overall association to long-term use is substantiated by our posthoc analysis stratifying long-term use by recent and nonrecent use, which confirmed a positive association for the former but not the latter group. Importantly, however, the increased risk seems to achieve a clinically relevant Table 2 Association between exposure to prolactin-inducing antipsychotics and risk of breast cancer, specified by exposure pattern within the entire follow-up-period, excluding the last year prior to the index date OR, odds ratio a Adjusted for age and calendar-time (by design; risk-set matching). b Fully adjusted model, see section 'Analytical variables'. c Exposure to different antipsychotics was standardized using olanzapine equivalents [38] . Long-term use was defined as a cumulative exposure of magnitude only with long-term use, which was only observed in about 1% of the population. As illustrated by the estimated population-level attributable proportion of 0.2%, the increased risks, even if assuming causality, does not constitute a public health issue. Also, this is the first study to provide meaningful risk estimates of very long-term exposure (up to 100 000 mg olanzapine equivalents); it is reassuring that we did not identify substantially increased risks associated with such exposure. All the same, it is worth noting that our reported association is of approximately the same magnitude as some other established-but much more prevalent-breast cancer risk factors. Analysis stratified by oestrogen receptor status showed that the observed associations were specific to oestrogen receptor positive breast cancers. This finding in accordance with results from studies on prolactin levels and risk of breast Table 3 Association between exposure to first-generation and second-generation prolactin-inducing antipsychotics and nonprolactin-inducing antipsychotics and risk of breast cancer, specified by exposure pattern within the entire follow-up-period, excluding the last year prior to the index date [38] . Long-term use was defined as a cumulative exposure of 10 000 mg olanzapine.
cancer [16, 20] . The possible underlying mechanisms are not well substantiated. It has been demonstrated that activation of nuclear prolactin receptor induces the expression of oestrogen receptors in breast cancer cells [46, 47] . While contradictory results exist, some studies also suggest that oestrogen receptor and prolactin receptor may be coexpressed in breast cancer cells and it has been suggested that prolactin may act as a local growth promoter [10, 48] . While stratified analyses consistently showed null-associations for oestrogen receptor negative cancers, the accompanying CIs reflect the significantly lower number of cases. The only other study [26] that specifically addressed the use of FGA nested their analysis within antipsychotic ever users and found no increased risk when comparing SGA to FGA, which is in line with our findings of a comparable risk between the two. Further, they found no evidence of a dose-response pattern. Here, however, comparison with our study is less straight forward, as the small number of events and limited follow-up precluded detailed dose-response analyses, and their highest exposure level (≥3000 mg) overlaps the lowest exposure level in our analysis (<5000 mg, Table 2 ). Other studies hold no or indiscriminate information on exposure to SGA. Wang et al. studied the relationship of breast cancer and dopamine antagonists including FGA and, specifically, aripiprazole among 52 819 exposed and 55 289 nonexposed women from psychiatric wards, nursing homes, and general medical patients [49] . A weak dose-dependent association was found for any dopamine antagonist with a specific hazard ratio of 1.19 (95% CI 1.08, 1.32) for the SGA group of phenothiazines comprising 508 exposed cases. Results were internally inconsistent with the underlying biological rationale though, as no association was found for butyphenones (comprising 240 exposed cases), which include the prolactin-elevating FGA haloperidol. From the paper, it is not possible to identify cases exposed specifically to risperidone. A previous regional Danish study did not find an association between FGA and breast cancer in a cohort of 25 264 users of FGA (neuroleptics, ATC N05A) [50] , with 258 women developing breast cancer corresponding to an adjusted incidence rate-ratio of 1.06 (95% CI 0.93, 1.21). Last, a casecontrol study of 5814 women diagnosed with primary invasive breast cancer within the preceding year found no association with prior phenothiazine use (174 exposed) [51] .
The increased risk specifically for cancers, classified as unclassified carcinoma, was a surprising finding for which we have no plausible explanation. One could consider whether diagnostic workup might be different in the face of severe psychiatric disorders. However, as we only included histologically verified cancers, this would require that the pathological evaluation differed according to psychiatric comorbidity, which is unlikely.
In conclusion, our results, from what is the most extensive set of data reported to date, do not suggest an overall clinically important association between exposure to SGA -or any antipsychotic drugs -and risk of breast cancer. Long-term use of antipsychotic drugs may confer a slightly increased risk of oestrogen receptor-positive breast cancer. Table 4 Associations between long-term exposure to antipsychotics with prolactin-inducing properties (equivalent to ≥10 000 mg of olanzapine) and risk of breast cancer, specified by patient subgroups or cancer subtype or stage 
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